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We report high resolution low-energy-electron-diffraction measurements on the Pd(110) surface. We
demonstrate that the clean surface consists of semiordered islands. The island structure is stable up to
650'C at which point the island edges roughen and step-step correlations decrease. Above 1100'C, sur-
face evaporation becomes important and the surface becomes kinetically rough. A simple model is
presented that makes use of step-step interactions to generate the periodic island structure. This model
predicts that ordered islands form below the roughening temperature if the step creation energy is small
compared to the step-step interaction. The existence of isolated steps is shown to be consistent with em-
bedded atom calculations that predict a small step-formation energy on Pd(110) surfaces.
INTRODUCTION
The formation of surface defects such as steps, kinks,
etc. have been actively studied over the last ten years. '
These defects are present on miseut surfaces or on any
surface above its roughening temperature Ttt (Ttt being
the temperature where the free energy required to form a
step becomes zero). Since most models for roughening
include only nearest-neighbor interactions, surfaces are
predicted to be either rough or ordered. The role of
long-range interactions, however, cannot be excluded in
any serious discussion of equilibrium surface structures.
The addition of further nearest-neighbor interactions
allows new types of disordered phases to form below T~.
Examples include the next-nearest-neighbor-induced
prerough phase of den Nijs, and the island structure
caused by the asymmetry in the surface stress tensor be-
tween the 2X1 and 1X2 reconstructions on Si(001).
Long-range elastic interactions associated with defects
have also been proposed to stabilize new ordered phases.
The (110) surfaces of fcc metals are particularly in-
teresting when discussing surface disorder because the 5d
metal Au, Pt, and Ir(110) surfaces reconstruct into a 2 X 1
missing row reconstruction. Theoretically these (110)
surfaces can exist in ffat, disordered ffat (prerough),
rough, or (n X 1) reconstructed phases with a variety of
continuous and first-order phase transitions between the
different structures. ' A good deal of experimental work
has already been done on these surfaces. ' For instance,
Ni, Ag, Pb, In, and Cu(110) surfaces, which do not recon-
struct, are all found to have roughening temperatures
near 0.75T (T is the bulk melting temperature). On
the other hand, Pt and Au(110) roughen at a significantly
lower fraction of the melting point: Tz /T -0.5,
presumably due to the increased entropy on the more
open missing row reconstruction. '
In this work we demonstrate that another type of dis-
order can be thermodynamically stable on (110) surfaces.
Experimentally we find that the lowest-energy surface
configuration for the clean Pd(110) surface over a wide
temperature range is semiordered up-down steps. This
surface is therefore intermediate between an ordered
phase and a rough phase. We propose that this structure
is stabilized by repulsive interactions between steps in
much the same way that ( 1 1m ) surfaces of fcc metals
have a stabilized ordered staircase structure. ' This is
quite different from experiments on Ag(110) that indicate
that steps are attractive and lead to faceting. We further
suggest that the reason Pd(110) has such a disordered
ground state is due to its proximity to the 1X1—2X1
reconstruction phase boundary as first suggested by den
Nijs.
EXPERIMENT
The experiments were performed in UHV (base pres-
sure ( 1 X 10 ' torr) using a high-Q-resolution-low-
energy, electron-diffraction (LEED) system with a
transfer width of 8000 A. The sample was a 99.995%
pure Pd single crystal spark cut and oriented to within
0. 1' of the nominal (110) direction using a neutron
diffractometer at University of Missouri Research Reac-
tor. After mechanical polishing with 0.3-pm alumina
powder, the sample was electropolished with a 50 fo sul-
furic acid solution. The sample was mounted on a palla-
dium foil and held with a palladium retaining ring to
prevent any alloying with the sample holder. Sample
temperatures were measured with a chromel-alumel ther-
mocouple that was spot welded to a tantalum foil, which
in turn was spot welded to the sample.
The Pd surface was cleaned in situ by —1500 cycles of
argon-ion sputtering at 500 eV for 10 min, followed by
annealing at 1000'C for 10 min. After cleaning, Auger
spectra showed no C, S, or O contamination down to the
noise limit of the analyzer ( ( l%%uo of the Pd 320-eV Auger
line). This cleaning procedure allowed the sample to be
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kept at 1200'C for 30 min and then cooled to room tem-
perature with no change in the diffraction intensity. It
was found that a well-ordered surface could only be ob-
tained if the sample was annealed from 1000 to 400 C in
no less than 3 min.
The sample order was determined by measuring the
specular ((,$, 0) crystal truncation rod (CTR) width as a
function of Q„where Q, is the component of the electron
momentum-transfer vector normal to the surface. The
scattering geometry is shown in Fig. 1(a). All of the
diffraction data presented in this work are reported in the
conventional bulk cubic reciprocal-lattice units
a (h, k, l), where a*=1.615 A '. The width of the
specular diffraction rod was measured between the (110)
and the (440) reciprocal-lattice points. The width was
found to oscillate with a period 2~/c, where c is a
monoatomic step height on the Pd(110) surface (c =2.75
A). This indicates that monoatomic steps are present on
the Pd(110) surface even at room temperature. ' Recent
work by Yang et al. showed that double height steps
form on Pb(110) just below its roughening temperature. "
We found no evidence of step doubling on Pd(110) for
sample temperatures between 30 and 1200'C.
The reciprocal space width EQ~~ of the (440) peak is
slightly broader than the (220) width. This is due to both
the finite angular spread in the incident electron beam
(60s„„=0.07' at E =300 eV) and the surface mosaic
60 . When we deconvolve out the finite angular width
of the electron beam, the sample mosaic spread is found
to be -0.04. The finite domain size of the sample was
determined from the width of the (220) peak
(b,Ql=0. 008 A '). After deconvolving out both the
transfer width of the instrument and the sample mosaic
at the (220) position (0.006 A ), the finite domain size
for this Pd(110) surface was estimated to be ) 1200 A.
LOW- TEMPERATURE RESULTS
One of the main observations of this work is the ap-
pearance of strong satellite peaks near the specular rod
for all sample temperatures below 1000'C . This is
shown in Fig. 2. The data were taken by measuring the
diffracted electron intensity as a function of parallel
momentum-transfer vector ( Q l ) through the (1 10) point
on the specular rod. The bottom panel in Fig. 2 is a scan
in the (001) direction [perpendicular to the atom rows;
see Fig. 1(b)]. Distinct shoulders corresponding to
several orders of diffraction can be seen around the Ql =0
diffraction rod. The satellite peaks occur in integer spac-
ings of b, Ql =n0. 020+0.002 A ', and both n =1 and 2
orders can be resolved. Shoulders appear in the (110)
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FIG. 1. (a) Scattering geometry for these experiments. The
scattering angle 20 is fixed and 0; is rotated so that the scattered
electron wave vector kf is scanned across the ($, $, 0) rod. (b)
Top and side views of an fcc (110) surface showing both 1X1
and 2X1 surface structures. The unit cell vectors for Pd(110)
are a, =3.89 A and a& =2.75 A in the (001) and (110) direc-
tions, respectively.
FIG. 2. Ql scans through the (110) point taken both perpen-
dicular to the atom rows, (001) (o ) and along the rows, ( 110)
( ). For comparison, the (220) in-phase peak is shown (Q').
The sample temperatures is 250'C, electron energy is 307 eV,
and the incident angle (relative to the sample normal) is 82.7 .
Arrows indicate the positions of the satellite peaks. The solid
line for the (001) azimuth is a fit as described in the text for
N=79, L =20, and m =59.
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In this direction the peak separations are larger;
b, g~~ =n0 0.50+0 0.02 A . It should be noted that the
satellite peak separations are comparable to or less than
the Q resolution of a typical LEED system
(b,g~~ )0.04 A). This explains why they have not
been reported in the literature before now.
As shown in our previous work, the satellite peaks are
instead consistent with a large-scale 80X45 reconstruc-
tion of the Pd(110) surface. ' Within the experimental
uncertainty (b.
g~~~
=+0.004 A '), the reconstruction was
found to be independent of sample temperature from 50
up to 1000'C, indicating that the surface structure re-
sponsible for the higher periodicity is very stable. ' Al-
though the periodicity of the structure is independent of
temperature in this range, there is a temperature depen-
dence of both the structure of the superlattice cell and its
long-range order that will be discussed below.
The superlattice was found to be ordered over approxi-
mately 150—200 A, corresponding to one or two superlat-
tice cells. This is not a well-ordered superlattice struc-
ture. As we discuss below, however, the disorder of this
large unit cell is most likely entropic and not an extrinsic
property of the particular Pd sample that we used. This
statement is supported by the fact that a potassium-
induced Pd(110) 2X 1 reconstruction on this same sample
is as ordered as the sample finite size ( ) 1200 A). '
Because the satellite peaks only appear in a narrow
range of Q, 's on the specular rod around the out-of-phase
conditions [(110) and (330) reciprocal-lattice points], the
superlattice structure has been identified as being due to
ordered steps. ' For Q, =4.56 A ' corresponding to the
(220) in-phase point on the specular diffraction rod, no
shoulders are seen (see Fig. 2).
In order to estimate the structure of the stepped super-
lattice, we assume a simple one-dimensional (1D) model
consisting of two levels separated by a monoatomic step
as shown in Fig. 3(a). For convenience, the upper level
will be referred to as the terrace and the lower level as the
substrate. In this model the surface is assumed to consist
of an ordered arrangement of up-down steps. The repeat
distance between terraces is Xa and the length of the
upper terrace is ma (where N and m are integers). The
amplitude scattered from the surface shown in Fig. 3(a)
when there are p terraces is













the exposed substrate. In the case where m =N/2, for
example, there are an equal number of atoms in the ter-
races and the exposed substrate causing the specular in-
tensity (at the out-of-phase condition) to be exactly
zero. ' Under these conditions, Eq. (1) predicts that the
central peak is absent, leaving only two satellite peaks as
shown in Fig. 3(b). As the size of the terrace or the ex-
posed substrate shrinks (i.e., m&N/2), the specular in-
tensity increases and the side peaks become weaker [Fig.
3(a)].
To compare our data to the line shapes predicted by
Eq. (1), the calculated intensities must be convolved with
the instrument function. This is done by assuming that
the instrument is a Gaussian function with o. =0.025 A
(cr is determined by both the instrument response and the
measured sample mosaic). An example of a fit using Eq.
(1) is shown in Fig. 2 for the (001) azimuth. The fit is
very good considering that we have not included any dis-
order in the island distribution. The fact that satellite
peaks are observed, however, indicates that the distribu-
tion of terrace sizes must be peaked around some average
size, implying some type of step-step interaction. In con-
trast, a noninteracting step model would produce a
geometric distribution of terrace sizes resulting in a two-
component line shape consisting of a sharp central peak
centered on top of a broad Lorentzian background as
shown in Fig. 3(c).' In other words a noninteracting
step model would not predict satellite peaks.
Attempts to fit the scans in the (110) azimuth to Eq.
(1) met with less success. As already mentioned, the cal-
culation ignores any distribution of terrace sizes. By
comparing the measured line shapes shown in Fig. 2 for
the (001 ) and ( 110) directions, it is obvious that in ad-
dition to weak satellite peaks the (110) direction has a












Note that the atomic positions parallel to the surface in
the lower layer are shifted by 1/2a because of the fcc
structure. Squaring Eq. (1) gives the peak intensity
[I(Q)=RA*]. The diffraction from this structure is a
set of narrow reciprocal-lattice rods with a separation of
b, g~~ =217/Na (see Fig. 3).
The peak intensities of the satellite rods depend on the
relative length of the terraces compared to the length of
FIG. 3. (a) A two-level model of a stepped surface with a
long-range periodicity of Xa. Di6'raction pattern for this sur-
face is shown when %=79 and m =59. (b) An ordered stepped
surface were L =m and the corresponding dift'raction pattern
showing the missing central peak. (c) A random up-down sur-
face with no long-range order.
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FIG. 4. Schematic representation of the low-temperature
Pd(110) (1X1) surface as described in the text. The solid lines
represent step edges separating the substrate (at a height h ) and
the terraces (at a height h + 1).
o.oo—
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broad background component to its peak shape. In fact
the (110) data resemble the disordered step profiles
shown in Fig. 3(c). We believe the ( 110) line shapes are
a result of low-energy kink excitations on the [001] steps.
The broad tail is most likely due to fluctuations in the
(001) step edges (i.e. , step edge roughness) caused by
kinks.
From the data discussed so far a structural model for
the Pd(110) surface can be proposed. The surface con-
sists of semiordered up-down steps perpendicular to the
(001) direction (see Fig. 4). In addition to the steps
forming a regular up-down array with an average repeat
distance of 80 atoms in the (001) direction, the step
edges Auctuate with a period of about 46 atoms. The step
edge waving may be similar to that observed on Si(001).'
So far we have not quantitatively addressed the question
of the terrace size relative to step-step separation (other
than to show that they are not equal). This is because the
ratio of m IL is a function of temperature, as will be
shown in the next section.
TEMPERATURE DEPENDENCE
While the satellite peaks remain visible and their sepa-
ration stays constant up to 1000'C, the line shapes have
an appreciable temperature dependence that is due to a
change in the relative intensity of the central peak to the
satellite peaks. To demonstrate the temperature depen-
dence we have plotted the peak full width at half max-
imum (FWHM) versus temperature in Fig. 5. We have
plotted the FWHM instead of the peak ratios because
the peak separations are small compared to the mosaic
broadening (at least in the (001) direction). This makes
accurate determinations of the m /L ratios difficult. The
FWHM is more easily measured and, as we show below,
it is related to the peak ratios. Qualitatively, for scans in
the (001) direction, the FWHM increases when the cen-
tral peak intensity decreases relative to the satellites.
Likewise, when the central peak intensity increases, the
FWHM decreases.
From Fig. 5, three temperature regions can be
identi6ed where the surface structure changes. The
structures in all three temperature regions are completely
o i o I ~ ~ s I o ~ a I i ~ ~ I ~ i ~ I ~ s s I s ~ o002
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FIG. 5. FWHM of the (110) peak of Pd(110) vs temperature.
The 0 and CI are for scans taken in the (001 ) and (110) direc-
tions, respectively. The solid line is a guide to the eye for the
(001) data. The electron energy is 307 eV, and the incident an-
gle (relative to the sample normal) is 82.7' for all scans.
reversible. The line shapes are essentially constant up to
500'C, at which point they change substantially. Be-
tween 500 and 900'C the FWHM in the [001] direction,
perpendicular to the atom rows, decreases, indicating
that the side peaks become less intense relative to the
central peak. In the [110] directions the FWHM in-
crease is due mostly to an increase in the broad back-
ground component of the line shape. Since the separa-
tion distance between satellite peaks does not change in
the temperature range 500—900 C, the superlattice
period remains constant. Therefore, the changes in the
FWHM indicate a rearrangement of the structure of the
superlattice cell.
To be more quantitative, we use the fact that the ratio
of the specular peak intensity to the side peak intensity is
proportional to the relative size of the upper and lower
layers, which in turn is proportional to the measured
FWHM. To estimate the mean terrace width from the
FWHM of the (001 ) peak profiles, we calculated the line




based on the model struc-
ture leading to Eq. (1). These calculated line shapes were
convoluted with the instrument response function. Once
this was done, a table of calculated FWHM vs m, /L,
was generated from these calculated peak shapes. Using
this table, the experimental FWHM of the (001) peaks
were converted to m
& /L, . The results are shown in Fig.
6(a).
Up to 600'C the ratio of the terrace size to step separa-
tion is nearly constant at m]/L& =0.42 for the steps in
the (001) direction. By 600'C the ratio decrease to
m
&
/L, =0.30, and again remains constant up to 1000 C.
It must be noted that the y axis in Fig. 6(a) could equally
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be L, /m, instead of m, /L, . The diffraction data do not
allow us to determine whether there are more or less
atoms in the terraces compared to the substrate —it can
only determine the ratio. However, as discussed below,
the temperature dependence of m, /L, , suggests that the
terraces are smaller than the exposed substrate.
In the (110) direction the FWHM increases slightly
between 500 and 800 C (see Fig. 5). The increase is due
entirely to a change in the ratio of the central peak to the
broad Lorentzian background component in the line
shape. In a two-level system with random steps [see Fig.
3(c)] the ratio between the broad background (Lorentzi-
an) and the central peak, IL„/I „k, is a function of the
coverage of terrace atoms: 0=L2/N2, '
Ipeak
2[1—cos( g, c ) ]
0 1 —0+ +2 cos(g, c )
(2)
where c is the step height in the ( 110) direction (c =2.75
A). Using the experimental ratios of the background to
peak ratios, we have plotted L /N for the ( 110) direction
in Fig. 6(b). From Fig. 6(b), it is seen that as the terrace






















FIG. 6. (a) The ratio of the terrace width m and terrace sepa-
ration L vs temperature for the (001) direction. The solid line
is a guide to the eye. (b) The ratio of the average kink separa-
tion L and the average distance between step Auctuations X in
the (110) direction.
age separation between defects on the (110) direction
also decreases.
We propose that the temperature dependence of the
diffraction data can be interpreted as step edge roughen-
ing at 600'C due to the formation of kinks and/or ad-
atoms dissolving from the step edges in the (001) direc-
tion. At 600'C the increased entropy associated with ei-
ther kinks or adatoms overcomes the step-step interac-
tions. The [001] step edges meander so that the average
distance between kinks in the (110) direction decreases.
The decreasing correlation between step edge atoms
along the [001] steps causes the (110) line shapes to
broaden. When kinks form, the (001) step edges move
+a, in the (001) direction, and the distribution of ter-
race sizes is expected to broaden so that the satellite peak
intensity would decrease. This in turn would cause a nar-
rowing of the diffraction line shapes in the (001) direc-
tion consistent with Fig. 5. Adatoms dissolving from the
step edges would additionally cause the average terrace
size to shrink (since scattering from the adatoms does not
contribute to the line shape, only to the background in-
tensity), which is also consistent with the data in Fig.
6(a). That is, at higher temperatures we expect that en-
tropy will tend to break up larger terraces into smaller
ones. It is for this reason that we believe the data in Fig.
6(a) are plotted correctly. We do not expect the terraces
to grow large at higher temperatures simply from entropy
arguments. A possible exception to this argument is that
a strain in the surface layer due to a differential thermal-
expansion coefficient between the bulk and the surface
could favor larger terraces.
If the distribution of superlattice cells becomes broader
as kinks from above 600'C, we would also expect that the
side peak width would also broaden in this temperature
range. It is dificult to say whether or not this is happen-
ing because the peaks are so closely spaced and compara-
ble in width to the sample mosaic broadening.
Above 1100 C, the line shapes change again, indicating
another transformation in the surface morphology.
Above this temperature the satellite peaks disappear and
the entire line shape begins to broaden. Once again the
broadening is associated only with the out-of-phase
diffraction peaks; (220) and (440) peaks show no change
in shape. At first glance, the loss of any long-range order
in the superlattice and the increased peak widths is con-
sistent with a roughening transition. " If we assign the
roughening temperature to be 1100'C, the ratio of the
roughening temperature to the bulk melting temperature
would be Tz/T =0.75. This ratio is similar to those
measured for the roughening of Ni, Cu, Ag, Pd, Al, and
In(110) surfaces. For these materials Tz /T ranges be-
tween 0.8 and 0.69.' However, the assumption that the
line-shape broadening above 1000 C is due entirely to a
surface roughening transition must be viewed with some
caution when Pd's vapor pressure is considered. Between
800 and 1000 C, Pd's vapor pressure increase from
1.2X10 to 8.4X10 torr. ' By 1100 C the evapora-
tion rate is approximately 1.0 monolayer/sec. Therefore
the roughness indicated by the increasing linewidth above
1100 C is not completely thermodynamic in origin but
contains some short-range dynamic roughness. ' For
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purely dynamic roughening, the linewidths at a fixed tem-
perature would be time dependent but saturate to a fixed
value at t ~~. An estimate based on previous dynamic
roughness studies during growth would suggest that typi-
cal saturation times are on the order of 1 —2 h for a 2-
monolayer/sec evaporation rate. This is much longer
than the time between typical data points in Fig. 5. Since
no hysteresis was observed in the line-shape measure-
ments above 1000 C, a steady-state dynamic roughness
was not achieved in these experiments.
DISCUSSION
We now propose a model that can rationalize the low-
temperature island structure observed on this surface.
For simplicity we ignore the crystallographic anisotropy
and consider an ordered array ofp Xp square islands on a
Aat substrate MXM atoms wide. Each island contains
m X m atoms. The distance between adjacent island
boundaries is La (where L is an integer and
M=p[m+L]). The free-energy diff'erence between an






The first term in Eq. (3) is the step energy per unit
length of the island perimeter, y. The second term is the
step-step interaction energy that has contributions from
interisland and intraisland step edges. The step-step in-
teraction is presumed to be elastic (rather than entropic)
in origin. ' Contributions to Eq. (3) that arise from the
configurationa1 entropy of the islands are neglected in
this simple treatment, but we will comment on them
below.
For attractive steps [minus sign in Eq. (3)], the steps
will bunch and the crystal will facet into fiat(110) planes
coexisting with high index stepped regions. We will not
concern ourselves with attractive steps since we find no
evidence of surface faceting on Pd(110). Evidence of
faceting on Ag(110), however, does exist.
For repulsive steps, this model predicts that AF will al-
ways have a minimum for some combination of L and m
if y &0. In other words, ordered steps will be preferred
over the Rat surface. The L and m values leading to a
minimum in AF are found by setting both differentials
(i36F/Bm )& and (Bb,F/BL ) equal to zero with the con-
straint that M=p[m+L] is a constant. Solving these
two simultaneous equations for L;„and m;„gives the
result that the minimum in AF occurs at an m/L ratio
that is independent of either y or o. and depends only on
the form of the step-step repulsion. For a L repulsive
potential (m/L);„=1.78, and for an L ' repulsive po-
tential (m/L);„=2. 00. These values will also change
when asymmetry is added to the model. For instance a
purely 1D model consisting of straight steps running in
only one direction gives (I /L);„=1.00 regardless of
the form of the step-step potential. Of course the size of
an island will depend on y and o.. Since no accurate esti-
mates for these coefficients exist, we have not attempted
to calculate an estimate of the island size.
As already stated, in order for the free energy to have a
minimum, the condition y &0 must be met. In the ab-
sence of step-step interactions, the condition that the step
free energy is less than zero implies that the surface is
above its roughening temperature and that ordered is-
lands cannot exist. But we argue that a long-range step
repulsion renormalizes the step free energy, and has the
effect of raising the roughening temperature so that or-
dered steps can still exist at finite temperatures. This is
completely analogous to the situation of vicinal metal
surfaces where an ordered step staircase exists because of
step-step interactions. On these surfaces Tz increases
as the step-step interaction increases (i.e., as the terrace
length between steps decreases). ' Experiments on
Cu(1 lm ) and Ni( 1 lm ) surfaces confirm this trend.
Whether or not the structure we propose is favorable
depends crucially on Pd(110) having a small step energy.
The (110) fcc metals are rather unique because some of
them (Au, Pt, Ir) have a 2 X 1 missing row reconstruc-
tion. The nature of this reconstruction is important to
this work. The (110) 2X1 surface is essentially an or-
dered arrangement of steps (see Fig. 1). The energy
difference AE2» between the 2 X 1 and 1 X 1 surfaces is
therefore closely related to the energy cost to produce a
step. The reconstruction energy has been calculated by
several groups using embedded atom potentials. It is
found that bE2x, for Pd and Ag(110) is either small or
negative, indicating that the cost of making a step on
these surfaces is low (at least as predicted by these mod-
els). So it seems reasonable to assume that y for Pd(110)
may indeed be small. At finite temperatures the entropy
associated with step formation will further 1ower y.
We note that den Nijs et al. suggested that if the ener-
gy to make a step is low on a (110) surface, and if next-
nearest-neighbor interactions are strong enough, the sur-
face can become "prerough. " The prerough phase is Oat
(a finite height-height correlation function) with no long-
range order, but does consist of a series of correlated up-
down steps. That is, every up step is followed by a down
step. For 1D steps, the prerough phase has m/L =1.0
(for 2D square islands m /L =0.71). The restricted
solid-on-solid model that leads to the prerough phase as-
sumes that long-range interaction can be ignored and
that only first- and second-neighbor interactions are im-
portant. The fact that our experiments determine
m/L (1.0 may suggest that the Pd(110) surface is al-
ways in a state similar to the prerough phase. However,
some long-range order still remains up to 1000 C.
Indeed, on Pd, and probably on most metal surfaces,
step-step interactions may prevent a true prerough phase
from forming.
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